Abbreviations used in this paper: BBA = blood blister-like aneurysm; ICA = internal carotid artery; OA = ophthalmic artery; PDOA = primitive dorsal OA; POA = primitive OA; PVOA = primitive ven tral OA; SAH = subarachnoid hemorrhage; SOF = superior or bital fissure. postoperative ischemic complications caused by ICA stenosis or occlusion. 23, 25 While direct clipping is feasible in most cases of true berry aneurysms, which have firm vessel walls that tolerate clipping or coiling, BBAs and dissecting aneurysms frequently require more complicated surgical procedures, including clipping on wrapping materials, 15, 19, 31, 42 ICA trapping with or without a bypass, 3, 16, 23, 25, 32 and endovascular treatment with a variety of advanced assisting techniques. 6, 22, 34, 47 Therefore, the pathogenesis of the aneurysm is obviously critical in determining the treatment strategy for ICA anterior wall aneurysms. Unfortunately, the preoperative information available regarding the wall conditions is very limited and unreliable. Although conventional angiography, CT angiography, 10 and MRI 13 are used to evaluate the pathology of ICA anterior wall aneurysms, it is not always possible to definitively determine the pathology of an aneurysm before surgery, as the angiographic finding of a saccular shape does not always correlate with the conditions of the aneurysm wall. 31, 32 In this study, we focused on the location of the ophthalmic artery (OA) in determining the pathology of ICA anterior wall aneurysms. We also investigated the relationship between the origin of the OA and the incidence of ICA anterior wall aneurysms.
Methods
This study was approved by the institutional review board at Saitama Medical Center. We conducted a retrospective review of the clinical records collected between January 2006 and December 2012 at Saitama Medical Center. We examined the results of all cerebral angiography studies performed during this period and collected data on each patient's age, sex, side, reasons for angiography, clinical presentations, and pathologies of each aneurysm. Patients with moyamoya disease, severe stenosis, or occlusive lesions of the ICA were excluded from this study. Diagnosis of an ICA anterior wall aneurysm was defined as an aneurysm of any shape at the nonbranching anterior wall between the anterior clinoid and terminus of the ICA. Arteriosclerotic changes causing irregularity of the ICA lumen were cautiously excluded. We also carefully evaluated the origin of the OA. The OA normally originates from the supraclinoid portion of the ICA (Fig.  1A) . 21 However, we found other variations, such as OAs originating from the C 3 segment of the ICA (Fig. 1B) , OAs originating from the C 4 segment (Fig. 1C) , and OAs originating from the anterior cerebral artery (Fig. 1D ). The quality of the angiogram was satisfactory for the diagnosis of ICA aneurysms in all cases, regardless of whether common carotid artery angiography or selective ICA angiography was performed.
Pearson's chi-square test and Fisher exact test were used to compare the categorical variables. An unpaired Student t-test was used to analyze significant differences between the means of the continuous variables. A p value < 0.05 was considered significant.
Results
A summary of data is shown in Among 1643 ICAs, an anomalous origin of the OA was found in 31 arteries (1.89%), including 26 OAs originating from the C 3 portion, 3 OAs from the C 4 portion, and 2 OAs from the anterior cerebral artery. There were no statistically significant differences in the mean age, sex, and side among patients with and without an anomalous origin (p = 0.82, 0.91, and 0.85, respectively). Internal carotid artery anterior wall aneurysms were found in 16 patients (0.97%, male/female ratio 2:14). The incidence of ICA anterior wall aneurysms was associated with sex (p = 0.026), with a higher incidence in females, but was not associated with age (p = 0.38) or side (p = 0.32). An ICA anterior wall aneurysm was found only in 0.5% of the 1612 ICAs in patients with a normal OA (8 of 1612 vessels). On the other hand, an ICA anterior wall aneurysm was found in 8 (25.8%) of 31 ICAs in patients with an anomalous origin of the OA (p < 0.0001). The relative risk of aneurysm formation at this portion of the ICA was approximately 50 times higher for patients with an anomalous origin of the OA than those with a normal OA. The risk of ICA anterior wall aneurysm formation was the highest for women with an anomalous origin of the OA (31.6% [6 of 19 vessels]), while no men with normal OAs had an aneurysm at this site (0 of 639 vessels).
Next we focused on the pathology of these aneurysms. As shown in Table 2 , when the OA originated from an anomalous location, aneurysms tended to take a saccular form, as indicated by angiography. In contrast, ICA anterior wall aneurysms without an anomalous origin of the OA were prone to having nonsaccular shapes, as indicated by angiography. This association was statistically significant (p = 0.04, Fisher exact test). We were able to directly confirm the pathogenesis of the aneurysm in 10 of 16 patients because they had undergone craniotomy (Table 3) . Intraoperative findings indicated that all 6 patients with a normal OA had nonsaccular aneurysms, although this did not reach statistical significance (p = 0.13).
Illustrative Cases

Case 1
This 51-year-old woman had a sudden onset of headache and was taken to our hospital. An emergency CT scan showed a thick subarachnoid hemorrhage (SAH) in the basal cistern ( Fig. 2A) . Cerebral angiograms showed an ICA anterior wall aneurysm and the OA originating from the cavernous C 3 portion of the ICA (Fig. 2B) . She underwent craniotomy and was found to have a ruptured saccular aneurysm with firm walls (Fig. 2C) . Clipping was performed safely, preserving a good patency within the ICA.
Case 2
This 70-year-old woman with SAH (Fig. 3A) had been diagnosed with a ruptured ICA anterior wall aneurysm ( Fig. 3B) and had a normal OA (Fig. 3C) . Therefore, we suspected that the conditions of the walls of this aneurysm would not be suitable for ordinary clipping. We decided to perform a high-flow bypass using a radial artery graft in case of prolonged intraoperative ICA trapping or ICA sacrifice. Her aneurysm was intraoperatively confirmed to be a BBA with fragile walls (Fig. 3D ). We were able to clip this aneurysm, with ICA stenosis safely managed by bypass flow via the radial artery graft.
Discussion
Relationship Between ICA Anterior Wall Aneurysm and a Developmental Anomaly of the OA Our data showed that an anomalous origin of the OA was associated with an increased risk of the formation of ICA anterior wall aneurysms. The embryology of the OA has been described in detail by Padget through observations of sectioned embryos. 33 Lasjaunias et al. revised the theory proposed by Padget to incorporate clinical observations in anomalous variations of the OA (Fig.  4) . The OA begins to form when the crown-rump length is 4-8 mm. 21 The primitive ophthalmic artery (POA) is formed by the fusion of the primitive ventral ophthalmic artery (PVOA) and the primitive dorsal ophthalmic artery (PDOA) in the orbit. Whereas the PVOA begins at the future anterior cerebral artery and passes through the optic canal, the PDOA originates from the cavernous portion and passes through the superior orbital fissure (SOF). The PVOA develops toward the retinal artery and nasal ciliary artery, whereas the PDOA grows toward the temporal ciliary artery. 29 These arteries normally anastomose near the optic nerve in the orbit. Then, the PVOA fuses at its proximal portion with the supraclinoid portion of the intradural ICA near the optic canal, and the continuation from the anterior cerebral artery regresses to give rise to the OA. Meanwhile, the PDOA regresses near the SOF, resulting in the formation of the inferolateral trunk that supplies the trigeminal nerve at the SOF, the foramen rotundum, and the roof of the cavernous sinus. Anomalous origins can result from anomalies in development, annexation, or disappearance of embryonic OAs and the orbital branch of the stapedial artery. 21 Examples of these variants include the OA originating from the anterior cerebral artery, 11 the cavernous portion, 35 the middle meningeal artery, 11, 44 or the basilar artery. 37 The incidence of an anomalous origin of the OA was 1.89% in this study. The previous literature indicates that 83% of OAs arose from within the subarachnoid space after the ICA had emerged from the cavernous sinus. 21 The low incidence of anomalous origins in our study is probably due to our classification of OAs arising at the intracavernous juxtadural ring portion as normal.
We found ICA anterior wall aneurysms in approximately 25% of ICAs from patients with an anomalous origin of the OA, whereas they were found in only 0.5% of ICAs from patients with a normal OA. This higher frequency of ICA anterior wall aneurysms in ICAs from patients with an anomalous origin of the OA may be due to a failed fusion of the primitive OA in the early embryogenesis, which might cause a congenital weakness of the anterior wall of the ICA. Such a congenital weakness has been well documented in aneurysms associated with arterial fenestrations in the middle cerebral artery or vertebrobasilar artery. 2, 4, 7, 9, 12 Recent extensive investigations about the natural history of unruptured intracranial aneurysms revealed that the location of the aneurysm affects the risk of rupture. 24, 36, 45 Since none of the 31 patients with an anomalous origin of the OA underwent repeated angiography at an interval longer than 1 year in our study, we could not draw conclusions regarding the potential benefits of setting up a specific follow-up for patients with an anomalous origin of the OA. Based on our results, however, it might be valuable to plan more cautious follow-ups for patients with anomalous origins of the OA.
Possible Usefulness in Determining the Surgical Strategy
Regarding surgical strategies, ICA anterior wall aneurysms are often difficult to treat by either direct clipping or endovascular treatment. 1, 16, 23, 31, 34, 40 Although information on the pathogenesis of aneurysms is critical to determine the treatment strategy, evaluating the conditions of the aneurysm walls may be difficult because preoperative angiograms can show aneurysms to have various morphologies. 1, 27, 32, 40 True saccular aneurysms with firm wall structures are usually amenable to both conventional clipping and coil embolization during the acute phase of SAH. 1, 23, 31 However, some saccular-shaped aneurysms may actually be BBAs with fragile walls, as shown in Case 2. In addi- tion, the conditions of the aneurysm wall should be carefully evaluated for endovascular treatment to minimize the risk of intraoperative complications and to prevent regrowth and rebleeding in the long term. 34 However, there is no definitive method to correctly judge the conditions of the aneurysm wall without performing a craniotomy, and thus determining the appropriate surgical strategy for ICA anterior wall aneurysms may be difficult. Although MRI is valuable in assessing the conditions of the aneurysm wall, 13 it might be difficult to obtain MR images during the acute phases of hemorrhage. Our findings regarding the correlation between the location of the OA and the pathogenesis of the aneurysm might provide useful information for determining the conditions of the aneurysmal wall, if this information is effectively combined with other radiological examinations.
Conclusions
Based on our data, ICA anterior wall aneurysms are found approximately 50 times more frequently in patients with an anomalous origin of the OA than in those with normal OAs. Our study also suggests that a correlation may exist between the location of the OA and the pathogenesis of ICA anterior wall aneurysms. Although the accumulation of more data based on intraoperative findings and pathological investigations is necessary to establish a definitive relationship between the origin of the OA and the condition of aneurysm walls, the results of this study might contribute to the decision-making process in the treatment of ICA anterior wall aneurysms and the followup strategy for patients with abnormal origins of the OA.
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